An evaluation was made to determine the effect of the glycerides presence resulting from the incomplete conversion of soybean biodiesel produced via alkaline catalysis and ethylic route on engine performance, and emissions in formulations containing 10 and 20% (m/m) of biodiesel used as additives in base diesel with low sulfur content and cetane ratings of 45 and 50. By way of comparison, similar formulations were used with soybean biodiesel methyl route with low concentration of glycerides. Tests on a diesel cycle engine with a mechanical fuel injection system indicated that the presence of glycerides decreases the volatility of biodiesel and increase the cetane number of fuels. The higher the cetane number, the higher the particulate matter emissions and the lower the unburned hydrocarbon emissions. Formulations with cetane number 50 showed higher emissions of particulate matter. The presence of glycerides in biodiesel reduces the fuel's vapor pressure, thereby increasing the cetane number and emissions of particulate matter and lower emissions of unburned hydrocarbons. The specific consumption of fuels formulated with biodiesel increases due to its lower enthalpy of combustion and to the presence of glycerides in fuels formulated with soybean biodiesel produced via the ethanol route.
Introduction
The main biofuel used in diesel fuel formulations is biodiesel, a derivative of mono-alkyl esters of long chain fatty acids. Biodiesel is usually obtained through a transesterification reaction of vegetable oils, in which a triglyceride reacts with a short-chain alcohol such as methyl alcohol, ethyl alcohol or isopropanol by means of acid, base or enzyme catalysis from different vegetable oils, waste cooking oils and animal fats. [1] [2] [3] [4] [5] [6] [7] In some cases, formulations with biodiesel increase the formation of deposits in the engine, causing injectors to deteriorate and piston rings to become clogged. It is known that most diesel cycle engines are designed to run on mineral oil diesel and not on biodiesel or blends of biodiesel and mineral diesel. [8] [9] [10] In view of this fact, efforts have focused on improving the characteristics of the engine that influence the quality of combustion. 11 Due to the properties of biodiesel, the agents most frequently employed in the transesterification process are methyl and ethyl alcohols. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Brazil today is the world's largest producer of sugarcane ethanol, which is the fuel alcohol most widely used in this country. 13 Biodiesel quality is usually determined based on fuel quality standards, such as the American standards ASTM D975 14 and D7467 15 and the European standard EN 14214. 16 The molecular structure of biodiesel renders it highly miscible in the hydrocarbon fractions of crude oil, enabling diesel formulations to be obtained in any proportions for use in diesel cycle engines without the need of cosolvents. [16] [17] [18] When biodiesel is used in diesel cycle engines, its physicochemical properties such as composition, cetane number (CN), viscosity, density, volatility, carbon-hydrogen ratio, lubricity, and biodegradability, [19] [20] [21] [22] [23] [24] [25] as well as the type of engine, injection system, operating conditions, and air-fuel ratio, affect the performance of the thermal cycle and air pollutant emissions. [24] [25] [26] [27] A homogeneous mixture in the combustion chamber contributes to reduce emissions of particulate matter (PM), unburned hydrocarbons (HCs) and nitrogen oxides (NO x ), as well as lower fuel consumption. 28, 29 Although studies have focused on soybean biodiesel produced via the methanol and ethanol routes, the performance and emissions of soybean biodiesel-diesel blends in diesel cycle engines with mechanical injection still require evaluation, since the Brazilian fleet of cars and light commercial vehicles is considered to be an average age of about eight years. 30 Moreover, studies that use mechanical injection enable relevant parameters to be obtained to evaluate fuels and exhaust emission treatment systems in real operating conditions at low operating costs. The difficulty of complete conversion of the biodiesel obtained by ethylic route and basic catalysis is another factor to be considered. 31, 32 Although Brazil is the largest producer of ethanol obtained from sugar cane, biodiesel is produced exclusively via base catalysis and methylic route mainly due to the difficulty of obtaining high conversion levels using ethanol as reagent. The polar characteristic of the methanol and ethanol make them immiscible in triglycerides at room temperature, and the mixtures are usually mechanically agitated to provide the mass transfer, which produces emulsions during the reaction. These emulsions are, in part, caused by the formation of intermediates as mono and diacylglycerol, which have hydroxyl groups and non-polar hydrocarbon chains. In high concentrations they are strongly reactive surface-active agents, which could prevent mass transfer as expected according to homogeneous reaction kinetics. However, the ethyl esters production given by basic catalysis becomes harder compared to the methyl esters production, due to stable and undesirable emulsion formation during the ethanolysis process. However, in methanolysis, the emulsions are easily separated into two layers, one lower (glycerol) and one higher ester-rich. Instead, in ethanolysis, they are more stable and severe, making it tough to separate and purify the esters. 33 In this context, this study evaluates the effect of soybean biodiesel produced via base catalysis and via the methanol and ethanol routes (hereinafter referred to as MR and ER, respectively) on the performance and emissions of formulations containing 10 and 20% (m/m) of biodiesel, using base diesel with low sulfur content and CN of 45 and 50. The soybean biodiesel composition produced via MR and ER was analyzed by gas chromatography with flame ionization detector (GC-FID) and by mass spectrometry. The effect of glyceride presence on soybean biodiesel obtained ER was compared with soybean biodiesel MR when used in formulations for performance tests in a single-cylinder diesel engine with mechanical fuel injection and fixed angle injection, based on parameters such as specific fuel consumption (SFC), emissions of particulate matter and unburned hydrocarbons. The NO x emissions were estimated based on data reported in the literature.
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Experimental
Base fuels and formulations
The base diesel fuel used was a brand sold in Brazil (S10) with low sulfur content (10 ppm), and CN 50, which was modified with the secondary standard (U17) supplied by Chevron-Phillips to obtain base diesel fuel with CN 45. Starting from the base fuels CN 50 and CN 45, formulations were prepared containing 10 and 20% (m/m) of soybean biodiesel produced via the methanol route (MR) and the ethanol route (ER) to evaluate their effect on engine performance and emissions. The formulations were dubbed 10MR and 20MR for the methanol route and 10ER and 20ER for the ethanol route.
Analysis of biodiesel composition
The soybean biodiesel was diluted in dichloromethane for a qualitative analysis of the esters it contained, using a gas chromatograph (Shimadzu model 2010, Kyoto, Japan) coupled to a mass spectrometer with electronimpact ionization detector (Shimadzu, Kyoto, Japan). The chromatographic column was a DB-5 capillary column (methyl silicone with 5% phenyl groups), 60 m in length, with 0.25 mm internal diameter and 0.25 µm thick stationary phase. Helium was employed as carrier gas at a flow rate of 1.0 mL min -1 . Split injection mode of 1:10 was applied. The injector and transfer line were kept at a temperature of 280 °C. The GC temperature programming was as follows: 4 min at 40 °C, 5 °C min -1 ramp-up to 190 °C, holding for 4 min, 2 °C min -1 ramp-up to 240 °C, holding for 5 min, and 10 °C min -1 ramp-up to a final temperature of 280 °C, and holding for 15 min (analysis time: 87 min). The system was operated in the SCAN mode (mass scanning) to produce a mass spectrum of each scanned chromatographic peak, enabling comparisons to be made of the recorded spectra against the spectra in the Mass Spectral Libraries (NIST 14 and Wiley Libraries) 38 of the device, and the use of chromatographic patterns obtained under the same conditions as the sample.
For the quantitative analysis of the esters in the biodiesel samples, the most intense ions were selected that could be monitored in the SIM mode (selected ion monitoring) and quantified separately. The analytical conditions were identical to those applied in the above described qualitative process. Each of the esters was analyzed in quintuplicate. Vol. 28, No. 12, 2017 Analysis of glycerides Biodiesel samples were diluted in n-hexane for the qualitative and quantitative analysis of glycerides, using a Shimadzu GC-17 gas chromatograph (Shimadzu, Kyoto, Japan) coupled to a flame ionization detector (FID). The DB-5 capillary column (methyl silicone with 5% phenyl groups) was 30 m long, with 0.25 mm internal diameter and 0.10 µm stationary phase thickness. N 2 was used as auxiliary gas and hydrogen as carrier gas, applying an average linear speed of 22.5 cm s -1
. Injection was performed in splitless mode in 0.5 min, and a 1:10 split ratio was used throughout the analysis, while the temperature of the injector was kept at 350 °C and that of the detector at 370 °C. The oven temperature was programmed as follows: initial temperature 50 °C, holding for 3 min, 7 °C min Glycerides were qualified by comparing the retention times of standards injected under the same chromatographic conditions. The glycerides were quantified by comparison against an external calibration curve.
Engine performance tests
Engine tests were performed using the base fuels (CN 45 and CN 50) and their formulations with 10 and 20% of soybean biodiesel via MR and ER to determine the specific fuel consumption (SFC) and PM and HC emissions. These tests were performed in a Toyama 7.0 Hp single-cylinder engine, 250 cm 3 , with mechanical fuel injection, operating at 70% of maximum power, an injection pressure of 150 bar (fixed injection angle of −18°), a compression ratio of 21:1, 3600 rpm and 10% O 2 in the exhaust gases. The PM in the exhaust gas was quantified gravimetrically by direct filtration of the gas through a glass Microfiber filter (Macherey-Nagel) with 47 mm diameter. The gas was pumped through the filter element using a vacuum pump, and after cooling, its flow rate was measured using a Sensirion ® mass flow meter with a maximum rated capacity of 20 mL min -1 . The quantification of PM in mg m -3 was based on the mass of PM retained in the filter divided by the volume of the sampled gas. The average temperature of the filter element was set at 470 °C to keep the collected PM dry. The condensable volatile hydrocarbons (HCs) present in the diesel engine exhaust gases were collected, along with the water generated in the combustion process, after separating the PM.
The HCs were quantified based on their oxidation in the condensed fraction of the exhaust gases to CO 2 in an oxygen atmosphere, using a technique similar to that described by ASTM D6594-11. 39 The condensed fraction, which was collected using an infusion pump (Samtronics), was transferred to a quartz reactor with a γ-alumina catalyst bed containing 1.0 wt.% of Pt at 700 °C. Carbon dioxide (CO 2 ) was quantified in a GC equipped with a thermal conductivity detector (TCD-17A, Shimadzu, Japan), using a packed column (Porapak Q, 8.5 m × 1.6 mm) and H 2 as the carrier gas at a flow of 5 mL min -1 . The temperatures of the column oven, injector and detector were 40, 200 and 240 °C, respectively. Quantification was performed using a calibration curve for CO 2 generated by injection of an aqueous solution of ethanol (0.5%) as the external standard. A comparison of the differential pressure profiles in the filter element (Figure 1 ) and the amount of particulate matter measured gravimetrically (see Figure 2 ) reveals that they show the same tendency, i.e., the formulations with CN 50 present higher differential pressures corresponding to the accumulation of PM. Cataluña and Silva 40 reported similar results in their discussion of the effect of ignition delay of different diesel formulations in engines with mechanical injection. However, a comparison of the CN 45 and CN 50 fuels formulated with MR and with ER indicates that the former produce lower PM emissions than the latter. PM emissions usually increase with increasing CN 21, 40, 41 and with the size of droplets obtained during the fuel atomization process before combustion. 42, 43 Table 1 describes the main characteristics of the soybean biodiesels produced via MR and ER. As it can be seen, the glycerides parameter for soybean biodiesel produced by the ER indicate the presence of 20% (m/m) of glycerides in the biodiesel, while the biodiesel MR showed no trace of glycerides. The presence of high glyceride concentrations in the end product directly affects the distillation curve by taking the product out of specification. The other parameters are within the values established by international standards.
Results and Discussion
The presence of glycerides is an important parameter for the characterization of biodiesel samples, not only because it enables the transesterification process to be assessed, but also because glycerides reduce the quality of the end product by increasing PM emissions. This is because unreacted glycerides hinder vaporization due to their higher boiling temperature and because they increase the viscosity of the fuel, thereby reducing combustion efficiency, and may also cause fuel filters to become clogged and deposits formation on engine parts such as pistons, valves and injector nozzles. 11, 44 In this regard, when the formulations evaluated in this study were assessed in a correlated study, they presented different responses.
In vacuum distillation tests performed according to the ASTM D6751-02 standard, 45 ER biodiesel showed low volatility, since its vaporization was slow. This fuel left behind large amounts of residue, whose upper limit specified by the aforementioned standard is 0.05% (m/m), and which was increased by the presence of glycerides. From the chromatographic profiles of the MR and ER biodiesels, the composition of the biodiesels produced by the two routes showed similar concentrations of saturated fatty acid esters, since they originate from soybean oil. Biodiesel that is too rich in saturated fatty acids may cause problems in the combustion process. 11 Some properties of biodiesel, such as CN (ignition quality), enthalpy of combustion, cold flow, oxidative stability, kinematic viscosity, etc., are in large part determined by the composition and molecular structures of their constituent alkyl esters. 15, 24, 25, 44, 45 For example, the melting point, kinematic viscosity and oxidative stability of unsaturated fatty acid methyl esters (FAMEs) increase with the length of the carbon chain and decrease with the increasing number of double bonds. [46] [47] [48] As an indicator of ignition quality, the CN is one of the most important indicators of quality of diesel fuel for compressionignition engines. The CN decreases with shorter fatty acid (FA) chains, higher degrees of unsaturation, and branched chain carbons. 49 A lower degree of branching in the molecular structure of fuel can reduce the ignition delay (higher cetane number), and thus, the ignition timing advance. These conditions favor NO x formation in the combustion chamber due to the increased residence time of combustion products at high temperatures. Unsaturated fuels change the temperature of the flame front (the higher the degree of unsaturation the higher the adiabatic flame temperature), altering the formation of NO through fast mechanisms, since it is highly influenced by intermediate combustion products. Although it is widely accepted that the concentration of free radicals such as HO
• are determining factors for NO x formation, the importance of their effect is secondary to that caused by the increase in temperature. Double bonds have high binding energy, and the large amounts of energy they release contribute to the formation of higher levels of certain free radicals during fuel premixing, resulting in faster NO formation during combustion. 50 Fuel composition affects the engine's cold start performance, noise levels and exhaust emissions. 51 Fuels with CN between 45 and 60 are more suitable for use in diesel engines. 52 According to Van Gerpen et al., 53 fuels with high CNs will have small ignition delays and small amounts of fuel will be present in the premixed combustion phase because of the short preparation time of the mixture for combustion. The CN is determined according to a standard test methodology described by the American Society for Testing and Materials (ASTM), 54 whereby fuels are tested and compared to the ignition delay of standards established in international standards using a single-cylinder engine with electronic injection.
In this study, tests were performed using a single-cylinder engine with mechanical injection, which was monitored with Optrand ® pressure sensors in the combustion chamber and in the hose before it meets the injector. The pressure profiles monitored with an oscilloscope indicated that the angle of injection of the fuel was regular. Modifications of the fuel composition using formulations of up to 20% m/m were found not to cause significant variations in the pressure profiles in the injector hose. Also, modifying the bulk modulus of the fuel did not appear to cause perceptible changes with the use of this type of equipment. The most significant and easily detectable change was in the pressure profile in the combustion chamber. The greater the concentration of fractions with higher boiling points, which is the case of the biodiesel obtained by the ethanol route, the higher the maximum pressure inside the chamber, increasing the formation of PM and NO x .
The combustion enthalpy and cetane number of fuels formulated with biodiesel for diesel cycle engines are comparable to those of the fossil fuel, and their sulfur content is low. Because biodiesel has a higher bulk modulus and a higher pressure wave propagation velocity, it causes an advance in fuel injection timing. In engines with electronic injection, this effect is easily circumvented by modifying the injection timing. In engines with mechanical injection, a significant change in the modulus of elasticity alters the fuel injection angle. The higher the pressure wave propagation velocity of the fuel pump, the faster the fuel injector opens, causing an advance in the injection timing. This increases the amount of fuel injected before the upper dead point during the premixing phase, which in turn raises the maximum pressure in the chamber and consequently increases NO x emissions. NO x formation is strictly related to the flame front and combustion chamber temperature. Fuels with a branched molecular structure have a lower boiling point and a greater tendency to cool the surroundings of the fuel droplet, reducing the flame front temperature and thus increasing the ignition delay. Paraffinic fuels exhibit the opposite behavior. In other words, because their enthalpy of vaporization is higher than that of fuels with a branched molecular structure, they have low bulk modulus, low ignition delay, lower fuel injection during premixing, and lower NO x emissions. 10 According to reports in the literature, [34] [35] [36] [37] NO x emissions increase in response to increasing flame front and combustion chamber temperatures. Under severe operating conditions with high engine load, the temperature of the flame front and the combustion chamber directly affect the combustion process, altering the NO x emissions. Unsaturated fatty acids (methyl linoleate, C18:2; > 50%) predominated, which favors the oxidative process, according to the literature. 34 However, to date there are no data that demonstrate the influence of fatty acids on PM emissions. On the other hand, an analysis of the iodine value (IV) indicated that the IV of the ER biodiesel additive was higher. The IV indicates the fuel unsaturation content and hence the tendency of the fuel to oxidize, which favors the occurrence of polymerization and formation of gum deposits in diesel cycle engines. 51, [55] [56] [57] Figure 3 presents the values of HC emissions (in the form of CH 4 ) in % m/m of the base fuels and their respective formulations with MR and ER soybean biodiesel. It should be noted that diesel fuel with CN 50 produces lower HC emissions than diesel with CN 45. However, HC emissions gradually increased in response to increasing proportions of both ER and MR biodiesel. On the other hand, the amount of HC in diesel CN 45 and in its formulations with ER biodiesel was practically the same, and decreased in its formulations with MR, indicating better combustion quality.
The higher HC emissions of the formulations of diesel CN 50 with biodiesel can be attributed to physicochemical properties such as viscosity, surface tension and volatility. These properties lead to increased fuel droplet size and extinguish the flame in the cold areas of the combustion chamber adjacent to the cylinder walls, favoring the condensation of unreacted hydrocarbon radicals on their surfaces. The kinematic viscosity (40 °C) specified for diesel S10, herein referred to as CN 50 (Table 1) , the kinematic viscosity was expected to be higher in their formulations with the base diesel. Figure 4 illustrates the results of specific fuel consumption (SFC), in g kW -1 h -1 , as a function of test time for CN 45 and 50 fuels and their respective formulations with 10MR, 20MR, 10ER and 20ER. Engine fuel consumption with the formulations is higher than with the base diesel (CN 45 and 50), particularly when the biodiesel content in the mixture is increased. The CN is one of the determining factors of SFC in diesel engines with a constant injection angle, which is the case of engines with mechanical fuel injection. 34, 59 The increase in consumption of the formulations of 20% ER and MR with diesel CN 45 showed a linear relationship with the heat of combustion. The base fuels (CN 45 and 50) show higher combustion enthalpy (45 MJ kg -1 ) than the biodiesels ER (41 MJ kg -1 ) and MR (40 MJ kg -1 ); hence, it is expected that any increase in the concentration of these biodiesels will lead to a proportional increase in consumption. Increasing the percentage of biodiesel in the formulation may slow down its atomization in the system, making combustion difficult and reducing its efficiency. In the case of formulations with ER, one of the probable causes of the increase in fuel consumption can be attributed to the decrease in combustion enthalpy due to the presence of 20% of glycerides in its composition.
Conclusions
This study assessed the combustion properties, such as PM and HC emissions, DP and SFC, using a single-cylinder diesel engine with mechanical fuel injection. The CN was found to have an influence on PM and HC emissions with this type of engine. The formulations with diesel CN 50 showed higher values of DP, indicating higher PM emissions. On the other hand, HC emissions with this formulation were lower than with the formulation with diesel CN 45. This study also showed that increasing the MR and ER content in the formulations increased their SFC when compared to that of the base diesels, a fact that was attributed mainly to the reduction of the combustion enthalpy of the mixture in response to the addition of the biodiesels. It was also found that the SFC of the CN 45 diesel formulated with ER was higher than that formulated with MR, indicating that the presence of 20% of glycerides in its composition and its lower CN exerted a more marked influence on the SFC. Based on the results of this study, both PM and SFC increase in response to increasing ER. In addition, biodiesel formulations containing up to 10% MR for diesel engines with mechanical injection also showed lower pollutant emissions.
The restriction on ER biodiesel industrial production process is mainly due to the difficulty to reach high conversion levels, resulting in a product out of specification according to the international quality standards. Although the ER biodiesel additive offers environmental advantages in production, its quality in terms of the production of particulate matter is lower than that of the MR biodiesel additive.
